River-floodplain systems are amongst the most productive-but often severely impacted-aquatic systems worldwide. We explored the ecological response of fish to flow regime in a large riverfloodplain system by studying the relationships between (1) discharge and inundated floodplain area, with a focus on spatial and temporal patterns in floodplain lake connectivity, and (2) flood volume and fisheries catch. Our results demonstrate a non-linear relationship between discharge and floodplain inundation with considerable hysteresis due to differences in inundation and drainage rate. Inundation extent was mostly determined by flood volume, not peak discharge. We found that the more isolated lakes (that is, lakes with a shorter connection duration to the river) are located at higher local elevation and at larger hydrological distance from the main rivers: geographical distance to the river appears a poor predictor of lake isolation. Although year-to-year fish catches in the floodplain were significantly larger with larger flood volumes in the floodplain, they were not in the main river, suggesting that mechanisms that increase catch, such as increased floodplain access or increased somatic growth, are stimulated by flooding in the floodplain, but not in the river. Fish species that profit from flooding belong to different feeding guilds, suggesting that all trophic levels may benefit from flooding. We found indications that the ecological functioning of floodplains is not limited to its temporary availability as habitat. Refugia can be present within the floodplain itself, which should be considered in the management of large rivers and their floodplain.
INTRODUCTION
River floodplains are highly productive ecosystems that suffer from human impact worldwide (Junk and others 1989) . Regulation of river flow regimes has resulted in homogenizing of flooding dynamics, which caused habitat degradation and reduced habitat diversity in many floodplains (Poff and others 1997; Bowen and others 2003, Poff and others 2007) . Numerous fish species use floodplains for spawning, as nursery and as foraging habitat. Fish recruitment and somatic growth correlate positively with flood magnitude and the size of inundated area (Gutreuter and others 1999; Sommer and others 2001; Schramm and Eggleton 2006; Probst and others 2009; Van de Wolfshaar and others 2010) . Moreover, fish catch biomass tends to increase with increasing connectivity of floodplain water bodies to the main river. Species composition differs amongst water bodies with different connectivity (Amoros and Roux 1988; Grift 2001; Miranda 2005) , with fish diversity becoming larger with increasing connectivity (Amoros and Bornette 2002) .
Despite growing evidence that habitat availability and diversity promote fish production and species diversity in river-floodplain systems, management decisions on river flow regimes are primarily driven by the demands for hydropower, irrigation, navigation and safety (Vasilevskii and others 2001; Poff and others 2007) . Management of river-floodplain systems aiming at sustainable populations, diversity and catches of fish, demands a sound understanding of the relationship between hydrological management and ecological response, that is, between river discharge, flood volume, floodplain inundation patterns and fish production (Amoros and Roux 1988; Gutreuter and others 1999; Frazier and Page 2009) . However, such analyses are still in their infancy (compare Ligon and others 1995; Schramm and Eggleton 2006) . Although the importance of the flood-pulse concept has been widely recognized (Junk and others 1989; Poff and others 1997) , quantification of the relationship between river discharge and floodplain inundation patterns, including water body connectivity, has received little attention in the context of ecological functioning of river-floodplain systems (Vaughan and others 2009) .
In this study, we analyzed the relationships between the managed flow regime and floodplain inundation patterns, water body connectivity and fish catches in the lower Volga River (Russian Federation) and its floodplain. First, we determined the relationship between river discharge and floodplain inundation patterns, with emphasis on spatial and temporal patterns in floodplain lake connectivity, using satellite image analyses. Second, we related variations in annual fish catches to flood volume, discriminating between separate fish species, and between catches from the main river and from floodplain water bodies. We hypothesized that an increase in available foraging habitat in the floodplain promotes fish biomass, which is reflected in higher fish catch. Underlying this hypothesis is the assumption of positive relationships between flood volume and inundated area, and between flood volume and water body connectivity. A positive relationship between flood volume and caught biomass in the same year could result from mechanisms such as more fish using the inundated habitat (for example, due to increased access), and increased somatic growth of individual fish using this habitat (for example, due to increased productivity and food availability) (De Graaf 2003a; Schramm and Eggleton 2006) .
METHODS

Study Area
The Volga River (Russian Federation) is the largest river in Europe with a length of 3660 km and average annual discharge of 8500 m 3 /s. It has a combined rainfall/snowmelt flow regime, with a peak discharge in May-June. The construction of a cascade of dams in the Volga River, completed in the 1960s, has changed the natural flow of the Volga River, but the regime with spring peak flow has remained (Ratkovich and others 2003; Gó rski and others 2011) . Directly downstream of the Volgograd dam the Volga divides into the Lower Volga, which is the main channel, and the Akhtuba, a smaller distributary. The rivers run almost parallel, and bound the Volga-Akhtuba floodplain (VAF) down to the delta in the Caspian Sea (Figure 1 ). The floodplain extends over a length of 300 km, is 10-30 km wide and is incised in the surrounding steppe area bounded by 30 m high cliffs. The study area is the 100-km upstream part of the Volga-Akhtuba floodplain located just downstream of the dam, with a size of 1800 km 2 . The Akhtuba River is the main contributory of water to the floodplain, rather than the Lower Volga itself. During a flood, river water feeds from the upper Akhtuba into the floodplain in the northwestern part of the area (Figure 1 ) via a network of channels and streams, thereby connecting numerous floodplain lakes. Most water is retained in the central and more eastern parts of the floodplain, which are somewhat lower than the western area and consist of wet and moist grasslands, helophytes and marsh vegetation. The western and southern parts consist of a combination of wet and dry grasslands, floodplain forest, some small villages and (abandoned) agricultural fields (Janssen and Floodplain Lake Connectivity and Fish Catch others 2000) . When the discharge decreases at the end of a flood, most water in the eastern part drains into the Akhtuba River, whereas a minor part flows into the Volga towards the south. The floodplain soils are dominated by clay in flood basins, sandy and silty loam and loamy sand nearby floodplain channels, with a remarkable absence of coarse sand and gravel (Chalov 2004; Ivanov and others 2006) . Ground water levels within the floodplain are on average at 3-4 m below the surface, and show about 2 m fluctuations along with discharge variations. However, because of the low permeability of the substrate, the highest ground water levels are only reached by the end of June, thus considerably delaying the dynamics of the surface water (Levashova and others 2004) .
Fish and Fisheries
The river-floodplain system contains a diverse flora and fauna, including at least 26 fish species of which a large number are of commercial interest (Ratkovich and others 2003) . The floodplain catches are dominated by eurytopic species such as common bream (Abramis brama), white bream (Blicca bjoerkna), perch (Perca fluviatilis) and roach (Rutilus rutilus), and limnophilic species such as pike (Esox lucius), whereas the Volga catches consist mostly of bream and more rheophilic species such as asp (Aspius aspius) and ide (Leuciscus idus) (Table 1 ) (Gó rski and others 2011).
Commercial fishery in the area is based on permits granted by the local fisheries commission. Fishing typically occurs at the end of summer when the floodplain area is drained and most permanent water bodies become isolated from the rivers, making them accessible for cars and tractors. Floodplain fishery consists of pulling a seine net of approximately 50 mm stretched mesh, attached to two tractors, which drive towards each other around a water body, thereby clearing the water body of most of the fish of catchable size. The Volga River catches are done in a similar manner using tractors and netting from the shore. Consequently, the fished surface area is limited by the length of the nets and because the same nets are used for several years the fished surface area will have been more or less similar from year-to-year. Apart from the horse power of the tractors these methods have not changed much in years. Since the number of permits and gear did not change abruptly from year-to-year, it can be expected that the total fishing effort was similar in subsequent years (pers. comm. Sergey Yackovlev, Head Fisheries Institute GosNIORCH, Volgograd, Russian Federation).
Data
Daily discharge data, from 1960 to 2007, of the Volgograd Hydropower Station, and water levels at Srednaya Akhtuba gauging station (located on the Akhtuba River 10 km downstream of its bifurcation from the Volga River, Figure 1) were obtained from the Volgograd Centre of Hydrometeorology and Environmental Monitoring, Volgograd, Russian Federation. In addition, we obtained monthly discharge data from 1901 to 1920 at Volgograd from the ORNL DAAC (Vö rö smarty and others 1998), representing the natural flow regime before dam construction. Based on a field survey, the water level in the Volga that results in a water flow into the floodplain channels was determined at -6.5 m Baltic Ordnance Datum, corresponding to a discharge of 18000 m 3 /s (Gó rski and others 2011). A flood event in the VAF starts with water entering the floodplain channel and stream network. From these channels, streams and the Akhtuba River overbank flow occurs onto the floodplain grasslands. We defined flood events as the period during which the water level at the Srednaya Akhtuba station exceeds the channel bankfull threshold.
A digitized topographic map of the floodplain (scale 1:100000, Atlas Volgograd Oblast USSR, 1988) was used in combination with a Landsat TM 5 satellite image acquired in summer (date 2001-07-06) after recession of the large flood filling all lakes to identify and map all floodplain lakes, streams and channels in the study area. A digital elevation map of SRTM data (http://srtm.csi.cgiar.org), which was resampled to 300 x 300 m resolution to reduce very local elevation differences, was used to determine relative differences in elevation within the floodplain. Lake altitude was corrected for the slope of the area, which has a downstream terrain gradient of 5.5 cm/km .
To determine floodplain inundation patterns resulting from different discharge situations we used a series of Landsat TM4, TM5 and TM7 images (http://glovis.usgs.gov/) of the Volga-Akhtuba floodplain acquired between 1985 and 2007. Images were chosen such that they covered the whole range of discharges from base to peak levels. This selection resulted in 19 usable images of the floodplain area, each with 30 9 30 m 2 cell size (Table 2) .
Annual catches of 24 commercially important fish species (Table 1) 
Flood Patterns and Lake Connectivity
After geo-referencing the satellite images (root mean squared error <30 m), all satellite images were segmented into water or no-water, providing the inundated area of the VAF for each image. We used the unsupervised ISODATA clustering method, a standard automated algorithm (Lillesand and others 2008) , using 10 classes for low-water images, and using 20 classes for high-water images to distinguish inundated areas from swampy vegetation. The segmentation results were validated by documenting inundated areas during extensive Floodplain Lake Connectivity and Fish Catch field surveys carried out in spring and summer of 2006 and 2007 in the floodplain and along the Volga and Akhtuba Rivers. The segmented satellite images were further checked with field observations to correct the channel network for dams, culverts and bridges that were not detected from the satellite images. A major road crosses the floodplain from north to south and appears well on the satellite images. The road is located on an embankment that forms a barrier in the floodplain.
To reconstruct the connections between the flood waters on either side of the embankment, the channels passing the road underneath bridges were separately digitized from topographic maps scale 1:100000 and added to the satellite-derived network.
From each satellite image, a grid map was created indicating for each cell the distance via water to the nearest main river, Volga or Akhtuba. Subsequently, by overlaying the map of floodplain water bodies onto each distance map, the distance of individual water bodies to the main rivers was derived, resulting in a dataset of lake connectivity for all flood stages represented by the satellite images. Connectivity was then classified into five categories post hoc, based on the size of the inundated area and the duration of the lakes' connection derived from the series of images: (1) regular: lakes connected on all images; (2) flood: lakes connected on images with an inundated area larger than 300 km 2 ; (3) peak flood: lakes connected on images with an inundated area larger than 700 km 2 ; (4) peak incident: lakes connected on images with an inundated area larger than 900 km 2 ; (5) not connected: lakes that are not connected to the main rivers on any image. The resulting classification was then correlated with spatial patterns of (1) the downstream distance from the Volga-Akhtuba bifurcation (along the river slope), (2) the geographical distance from either Volga or Akhtuba River and (3) the local elevation of the floodplain surface surrounding the water body. For the lateral distance of the lakes to the main rivers, we used the geographical distance 'as the crow flies'. In 1960 1964 1968 1972 1976 1980 1984 1988 1992 1996 2000 Year Catch (tonnes) addition, we determined both the minimum and the maximum hydrological distance to the main rivers, based on the distances over water for each water body to the main rivers derived from the satellite images as described above. The correlations between connectivity and geographical and hydrological distances were determined using multinomial regression (logit model). Furthermore, we analyzed the spatial patterns in minimum and maximum hydrological distance using ANOVA. We tested the relationships between different connectivity classes and hydrological and geographical distance using binomial regression. Because of the non-linear relationship between discharge and inundated area (Figure 3) we used the inundated area in the connectivity analysis rather than the upstream Volga River discharge.
Fish Catch and Inundation Patterns
Since we hypothesized that a larger inundated area promotes the use of the floodplain and somatic growth due to increased foraging habitat availability, we expected that extensive floodplain inundation results in increased catch of fish biomass. However, fish catch is not only dependent on the biomass present, but also on the fishing effort. Because formal statistics of fishing effort were not available, it was impossible to determine whether observed long-term changes in catch are due to changes in effort only or also to changes in fish biomass. However, given the nature of commercial fishing in the Volga River and the floodplain, with limited and licensed access, it is unlikely that fishing effort will have changed strongly from 1 year to the next, although there is anecdotal evidence that there is a long-term decrease in (officially sanctioned) fishing effort (pers. comm. Fisheries Institute GosNIORCH, Volgograd, Russian Federation). Therefore, we compared catch differences between subsequent years, assuming that extensive floodplain inundation in year i is likely to result in increased catch of fish biomass in year i compared to year i-1 with a smaller extent of floodplain inundation, and vice versa. By differencing the long-term statistics of fish catches, the data are de-trended and this enables focusing on year-to-year differences in catch statistics. To standardize the variability around the long-term trends in catches, fish catches were first log e -transformed before differencing. The catch data for years i and i -1 that were correlated with floodplain inundation were, therefore, of the form log e (C i ) -log e (C i-1 ), which equals log e (C i /C i-1 ). Direct estimates of the inundated area or the duration of inundation were not available for all years with catch data. Therefore, we used a proxy for flooded area by calculating the flood volume for each year, which is the cumulative daily discharge above the discharge level for which the bankfull threshold is exceeded (Gó rski and others 2011). Regressions of log e (C i /C i-1 ) against log e (flood volume) were performed. Before regression, time series of log e -transformed catch data and flood volume were checked for auto-correlation using Durbin-Watson statistics (Vinod 1973) . In case no autocorrelation was detected, we performed regressions without additional transformation of the data. When autocorrelation was detected, however, we corrected for this by applying stepwise autoregression using a Yule-Walker correction (Gallant and Goebel 1976) . First we fitted a Figure 3 . A Relationship between inundated area in the Volga-Akhtuba floodplain and the discharge at the date of the satellite image. Black diamonds refer to images taken before the peak discharge, grey squares refer to images taken after the peak discharge. The dashed line denotes the discharge threshold above which the floodplain gets inundated. The black lines are hand drawn curves to illustrate the difference between inundation and drawdown phase. B Relationship between inundated area (absolute and fraction) and the number of days before or after the date of annual maximum discharge, for each satellite image. The fine dashed line denotes zero days to Q max . The black line is a hand drawn curve to illustrate the shape of the relationship.
Fraction inundated
high-order autoregressive model. Second, we sequentially removed autoregressive parameters until all remaining parameters were statistically significant. Residuals from the autoregressive models (now without autocorrelation) were then regressed against flood volume.
All spatial analyses were carried out with Erdas 9.2, with the exception of the connectivity and distance analysis, which were calculated using PCRaster (Karssenberg and others 2001) . Statistical analysis was done with SAS 9.2 (SAS 2004).
RESULTS
Discharge and Area Inundation
The area of floodplain water bodies within the Volga-Akhtuba floodplain varies between 100 and 350 km 2 (about 7% of the floodplain area) as long as the Volga River discharge remains below the bankfull threshold ( Figure 3A ). This area comprises the perennially wet lakes and floodplain channels. Above the threshold, the inundated area increases with discharge. Because of a higher rate of water inflow and inundation compared to the rate of drainage of the floodplain, the relationship between inundated area and discharge above the bankfull level shows anti-clockwise hysteresis ( Figure 3A) . With increasing inflow of water into the floodplain, a progressively larger area begins to inundate. Over time, the area of largest inundation shifts from the west to the low-lying eastern part of the floodplain. At a certain point in time, a maximum inundation area seems to be reached. As long as the incoming water flow continues to provide water-even when the recession of the discharge peak has started-the large area remains inundated. However, as soon as the upstream discharge drops below the threshold level and the incoming water flow stops, the size of the inundated area decreases rapidly.
Ground water appears to play a very minor role in the inundation of the floodplain. Both in the satellite images and during the field surveys, we observed that floodplain lakes re-fill and become connected to the other lakes and floodplain channels through overland flow. Lake level rise due to feeding by rising ground water levels was not observed. Moreover, in the field we occasionally observed large differences in water levels between nearby lakes, when one of them was filled by surface water reaching the lake from the floodplain channels. Apparently, the rise of the flood waters entering the floodplain is much faster than the associated ground water response. This delayed effect is confirmed by the general observation that the maximum ground water levels are only reached by the end of the flood period (Levashova and others 2004) , and are due to the low permeability and conductivity of the underlying clayey and silty floodplain deposits.
To reconstruct the within-season change in inundated area based on the satellite images taken at different dates and in different years, we expressed the acquisition date of the images by the number of days relative to the date of the peak discharge (Q max ). The resulting compilation indicating inundated area in the course of a discharge peak shows that the largest areas of inundation occurred close to the date of Q max ( Figure 3B ). The period of increased inundated area lasts about 50 days, after which the base level is reached again. At peak discharge over 50% of the area remains inundated ( Figure 3B ). These satellite-derived results thus demonstrate that the annual variation in flood volume and duration explain the variation in the size of inundated area during flooding.
Lake Connectivity
During the dry period about 80 lakes remain connected to the Volga or Akhtuba rivers, whereas during the large flood of 1985-3 days after the peak discharge-2259 lakes were connected. The relationship between the number of connected lakes and inundated area is linearly increasing above a threshold of around 300 km 2 ( Figure 4A ). During low-water periods, the hydrological distance of connection varies largely between the few connected lakes ( Figure 4B ). This is due to the fact that at low discharges only the major channels are connected to the main rivers. However, these channels reach far into the floodplain, thereby connecting some lakes over large distances. When inundation of the floodplain starts, the number of connected lakes rapidly increases, whereas at the same time the distance by which lakes are connected decreases to an average of 10 km. Remarkably, with progressively larger inundation area and inherent number of lakes connected to the rivers, the average distance to the main rivers remains unchanged ( Figure 4B ). Apparently, although the pathway to inundated lakes shortens over time, new, more remote lakes become connected, keeping the average distance largely unaltered.
As the data did not allow precise determination of annual durations of increasing inundation extents, we grouped lakes based on connectivity. Each year more than 50% of all lakes are connected to the main rivers during the flood ( Figure 5A ). Over 500 lakes are connected to the main rivers only during the short period of peak discharge (area >700 km 2 ), whereas an additional 164 lakes only become connected when the inundated area exceeds 900 km 2 ('peak incident'). Based on the satellite image analysis, 553 lakes are not connected at all; apparently these are connected to ground water all years and through temporary connections that were not visible on the images.
The spatial distribution of connection duration of the floodplain lakes shows a clear pattern (Figure 6) . In general, the connection duration slightly increases in a downstream direction and with decreasing floodplain elevation, but the correlations with these variables are weak (Table 3) . Isolated lakes, either 'not connected' or only connected during 'peak incident' (>900 km 2 inundated area), are located mostly in the western part of the area and mostly at large hydrological distances, whereas lakes that connect for the duration of a flood are mostly located in the eastern part and at short hydrological distance ( Figure 6 ; Table 4 ). Regularly connected lakes occur throughout the area and at short hydrological distance (Table 4 ). There is no correlation between the geographical distance and connection duration (Table 3) , although most lakes connecting only during the flood peak are located in the southern part of the area (Figure 6 ). The minimum hydrological distance explains the larger part of the variation in connection duration. There is a negative trend between increased connection duration and increased distance, whereas the maximum hydrological distance and the geographical distance are significant but weak predictors (Table 3 ). The hydrological distance of lakes to the Volga or Akhtuba River shows a clear spatial pattern, primarily with a positive trend with the geographical distance to the main channels, with a secondary positive trend in downstream distance (increased duration with increased distance), whereas the negative relationship with floodplain elevation is weak (increased duration with decreased elevation) (Table 3 ). In general, lakes that are more rarely connected to the rivers are located at greater distance from the Volga or Akhtuba River than regularly connected lakes.
Historic data on the natural flow regime of the Volga River show the profound effects of damming and river regulation on the discharge (Figure 7) . Due to regulation, base flow increased from 2000 to 6000 m 3 /s, whereas average flood discharge decreased from 27000 to 21000 m 3 /s, and flood duration was reduced from nearly 2 months to 1 month (Figure 7) . Together with our data on floodplain inundation and lake connectivity (for example, Figures 3-5) , we conclude that in the pre-damming period floodplain inundation extended over larger areas and lasted for a longer period of time. It is likely that more lakes No. connected lakes Figure 5 . Number of lakes per connection duration class: regular: lakes connected for inundated area larger than 100 km 2 ; flood: lakes connected for inundated area larger than 300 km 2 ; flood peak: lakes connected for inundated area larger than 700 km 2 ; peak incident: lakes connected for inundated area larger than 900 km 2 ; not connected: lakes not connected or connected only on 1 occasion not during a flood event. were connected during flooding and for longer periods.
Flood Volume and Fish Catches
There is no significant autocorrelation in the time series of flood volume (P > 0.11 and |r| < 0.25 for all autoregressive orders); therefore, the values of flood volume were not corrected for autocorrelation. In the 43 time series of relative fish catches that could be tested, significant autocorrelation is present in 26 series (Table 5) . Seventeen of these series have an autoregressive order of 1, but autoregressive orders up to 4 are found (Table 5 ). All autocorrelations are negative and range between -0.35 and -0.97. The application of the YuleWalker correction in the autoregressive models leads to residuals without autocorrelation in all tested time series. Regression of either these residuals, or the relative catches (in case there was no autocorrelation) against flood volume results in statistically significant positive correlations in floodplain water bodies, both for total catches (n = 41, R 2 = 0.54, P < 0.00001), as well as for eight species which add up to greater than 65% of total fish catch in the floodplain (Table 5; Figure 8 ). Catches of these species are larger in years when more water enters the floodplain compared to catches in the preceding year when less water enters the floodplain. In the Volga River such a relationship is not found for total catches, nor for any of the species, except for gibel carp (Carassius gibelio). Although the Volga River catches of gibel carp significantly increase with flood volume, this is not the case in the floodplain. In contrast, catches of asp, which dominates the Volga catch, do not increase with flood volume in the Volga, whereas they do so in the floodplain catches, despite the low asp abundance there. Interestingly, bream, a species very common in both catches only has a positive relationship with flood volume for the floodplain catch and not for the Volga catch.
DISCUSSION
The manner by which management affects ecological floodplain functioning in general is indirect, and operates via discharge and inundation patterns. In this study, we addressed the relationship between discharge and inundation patterns in space and time, and the inherent relationship between flood magnitude and ecological functioning in terms of fish catch. Although the Volga-Akhtuba floodplain experiences a managed flow regime, it can be considered semi-natural when compared to most western European rivers, where the flow is even more modified and floodplains are often no longer available for aquatic organisms (Aarts and others 2004; Middelkoop and others 2005) . The Volga-Akhtuba floodplain has a unique layout, in the sense that two main rivers bound the floodplain area, opposite to more commonly occurring systems where the river has floodplains on either side. In these systems, the width of the floodplain has been limited by artificial embankments, especially in more populated areas. The spatial patterns in habitat connection in the Volga-Akhtuba floodplain represent those occurring in natural-unconstrained-floodplains, and may represent a reference situation for rivers with unnaturally narrow, embanked floodplains.
The results presented here show a general trend that lakes connecting for shorter periods connect over larger distances (Figures 5, 6) . Remarkably, mean connectivity of floodplain lakes is larger in the downstream direction than with increasing geographical distance to the main rivers. We consider the annual average duration of the connection of floodplain lakes to the rivers as the keycriterion for the degree of isolation versus connectivity, as it determines how long exchange of water and biota may occur. Due to the local geomorphology, such as the location of floodplain channels, natural levees, pointbars or small embankments, the hydrological distance between floodplain lakes and the rivers shows a large spatial variability over short distances, and may greatly change with increasing inundation extent (Figure 6) . The complex floodplain topography makes the geographical distance ('as the crow flies') between floodplain lakes and the main channel an unsuitable measure for the degree of isolation/ connection. Instead, the hydrological distance is a better predictor for connection duration, but this Table 5 . distance changes with inundation magnitude. These results confirm the need for considering the floodplain topography and inundation pathways as essential components in studies of river-floodplain functioning (Ligon and others 1995; Vaughan and others 2009) . The relationship between discharge and inundated floodplain area is highly non-linear and shows considerable anti-clockwise hysteresis. In the initial phase of the flood, the flood water and the area of largest inundation shift in a downstream direction over the floodplain. The upstream parts of the floodplain drain relatively quickly after the peak of the flood, whereas lower-lying eastern parts remain inundated as long as the upstream discharge is above bank-full level. After the river discharge recedes to low levels, the lowest floodplain areas also drain rapidly, and fall dry within a week. The reservoir function of the floodplain is thus small when compared to the drainage capacity of the floodplain channels. The consequence of this process is that the extent and the duration of inundation and, hence, the degree of connection of the floodplain lakes, is to a large extent determined by the total volume of water that has entered the floodplain as soon as the river discharge is above bank-full level. Thus, the flood volume is a better measure for the effective flood-pulse magnitude than the peak height of the flood (compare Frazier and Page 2009; Tockner and others 1999) . Ignoring the different inundation and recession phases may result in a considerable uncertainty in the relationship between inundated area and runoff, as was experienced for the Ob river by Papa and others (2007) . The quick water recession also implies that the discharge maintained in the weeks after the peak flow is only effective in prolonging floodplain inundation if it is kept above the threshold level for floodplain inundation.
The relative total fish catch in the floodplain increases with a larger extent of floodplain inundation, whereas the Volga River catch does not, despite the fact that similar species are present in both catches. The opposite responses to flood volume of bream and asp catch between the river and floodplain suggest that biomass of the floodplain fish population indeed depends on the inundation magnitude and associated habitat availability and connection, corroborating other studies on fish catch and flooding (Amoros and Roux 1988; De Graaf 2003a; Schramm and Eggleton 2006) . Fish species for which the catch increases with flood volume in the floodplain generally have a eurytopic flow preference, with the exception of rheophilic ide and limnophilic tench (Tinca tinca). Most species have a preference for spawning on plants or hard substrate, except for polyphilic common bream and roach that do not have a preference for a specific spawning habitat. In terms of feeding guild, these species use a wide range of food, including detritus, plants, zoobenthos, zooplankton and fish. All in all, a variety of species, across trophic levels, appear to take advantage of a higher flood volume in the floodplain, whereas in the Volga this is only the case for one species (gibel carp), which makes up only 0.7% of the catch (Table 5) .
Besides a positive relationship between flooding and biomass (De Graaf 2003a; Schramm and Eggleton 2006) , flooding also provides spawning and nursery habitats for many fishes and is thereby instrumental in the successful recruitment of juvenile fishes (Ligon and others 1995; Grift 2001; Van de Wolfshaar and others 2010) . Recruitment success is crucial for the long-term survival of fish populations and, therefore, also for the long-term development of fish catches, but the relationship between the number of recruits and the catchable biomass after a number of years may not be straightforward due to density-dependent processes. The relationship between somatic growth and biomass in catches at the end of the growing season is much stronger (De Graaf 2003b; Schramm and Eggleton 2006) . Therefore, we focused our study on the effects on biomass although recruitment effects will also play a role in our data. However, because fish do not recruit to catchable size within a year in the Volga-Akhtuba system, this relationship could not be studied in our study, which focuses on year-to-year differences.
The positive relationships between catch and flood volume in our study were found for fish species of diverse flow preferences, spawning and feeding guilds. This implies that the entire fish community in the floodplain takes advantage of the increased habitat availability, which supplies a diversity of flow regimes, spawning substrate and food sources. In contrast, the Volga River fish population seems independent of the flood volume and habitat availability within the floodplain. In general, these results indicate that fish inhabiting the main river do not experience an advantage from floodplain inundation. The limited benefits of increased water levels for the fish in the Volga River might be due to the fact that in the river increased water levels do not increase the available foraging habitat as much as occurs in the floodplain, but rather cause a vertical shift of the littoral zone. Only in the eastern part does overbank flow occur directly from the Akhtuba River channel over a long stretch, whereas for the Volga River floodplain connectivity remains limited to the entrances of the streams and channels (Figure 1) . This finding supports a recent study showing that fish spring migration from the Volga and Akhtuba into the floodplain is only modest given the amount of fish present in the floodplain (Gó rski and others 2010). Together, these results suggest that for the Volga-Akhtuba river-floodplain system the river and its floodplain may be less intertwined than studies for embanked floodplains suggest in terms of the floodplain serving as foraging area for river fish and the river serving as refuge for floodplain fish (Aarts and others 2004) . Functions often attributed to the main river in river-floodplain systems, such as refuge for freezing and summer drought, are suggested to be fulfilled by water bodies present within the floodplain for fish species that are not bound to fast flowing waters (rheophilic species). Studies on embanked river-floodplain systems may, therefore, overly consider the main river as primary refugium, and underestimate the role of permanent water bodies such as lakes and side channels within natural floodplains.
Errors in the classification of the satellite images might have resulted in incorrect estimates of the inundated areas. In particular, tall and dense vegetation that is inundated with a shallow depth is likely to be erroneously classified as 'non-inundated'. Consequently, we may have underestimated the inundation extent, but it might be questioned whether such densely vegetated areas with shallow water depth will provide sufficient accessibility for fish to pass. Other studies show that despite these issues, the use of satellite images proved very useful to gain insight in spatial and temporal inundation patterns at large scales (McCarthy and others 2003; Papa and others 2007) .
CONCLUSIONS
The positive relationship between (floodplain) fish catch and floodplain inundation extent, and the apparent swift drainage of the floodplain area after the flood water has receded below bankfull indicate that long moderate floods (but still above bankfull) are expected to lead to more extensive floodplain inundation and higher fish biomass than short high floods. Still, year-to-year variability of floods should be promoted for preserving species diversity and fish production (Amoros and Roux 1988; Grift 2001; Amoros and Bornette 2002; Poff and others 2007; Bouvier and others 2009) . In large floodplains, such as the Volga-Akhtuba floodplain, floodplain topography and flood volume-controlling flood duration and hydrological distances-determine to what extent floodplain lakes are isolated from the main river. Geographical distance to the river channel and peak flow magnitude appear to be inadequate indicators for this purpose. The results indicate that the ecological functioning of floodplains is not limited to its temporary availability as habitat when connected to the main river channel, but refugia can be present within the floodplain itself. This mechanism should be considered in the management and regulation of large rivers and their floodplain.
